Abstract. Cryopreservation of mouse sperm is useful for maintaining various strains. However, fertility generally decreases after freezing. In particular, the fertility of cryopreserved C57BL/6J sperm is very low. To improve the fertility of frozen sperm, we examined the efficiencies of various media used for sperm preincubation (SP) and in vitro fertilization (IVF) in frozen C57BL/6J sperm. In this study, SP medium was examined for efficiency of fertility with respect to content, especially calcium (Ca 2+ ), phosphate (PO4 3-) and lactate. In all media containing no Ca 2+ , including medium lacking Ca 2+ , lacking Ca 2+ and PO4 3-, lacking Ca 2+ and lactate and lacking Ca 2+ , PO4 3-and lactate, high IVF rates were obtained (79, 69, 76 and 71%, respectively). On the other hand, the rates for media containing Ca 2+ were significantly lower (30-38%, P<0.05). After transfer, 41-50% of newborns were obtained in all media containing no Ca 2+ . In conclusion, preincubation of thawed sperm in medium containing no Ca 2+ markedly improved the fertility of cryopreserved C57BL/6J sperm. These results indicate that the present method of IVF using medium with no Ca 2+ is practical for use in cryopreserved C57BL/6J sperm. Key words: C57BL/6, Calcium, Cryopreservation, In vitro fertilization, Sperm (J. Reprod. Dev. 55: [386][387][388][389][390][391][392] 2009) ryopreservation of mouse sperm is useful because it is simple, rapid and inexpensive. A large number of sperm can be frozen immediately after collection from a male. Females are required only when the frozen sperm are thawed for fertilization. Successful cryopreservation of mouse sperm was reported in 1990 using raffinose with glycerol [1], ME2SO [2] or skim milk [3] . Since then, cryoprotectant solutions and freezing methods for mouse sperm have been investigated [4] [5] [6] [7] [8] [9] [10] [11] . At present, the 18% raffinose plus 3% skim milk method [12] is relied upon in most laboratories. However, with this technique, the fertility of cryopreserved sperm is far less than that of fresh sperm, especially with inbred mice [13] [14] [15] [16] . In particular, fertility decreases markedly in C57BL/6J, a principal inbred strain used for transgenesis studies. Frozen C57BL/6J sperm exhibit acrosome damage with loss of contents caused by the freeze-thaw procedure [17] , and almost no sperm can penetrate the zona pellucida. When partial zona pellucida nicking [18, 19] or intracytoplasmic sperm injection (ICSI) [20, 21] is performed to increase fertility, post-thawed C57BL/6J sperm can fertilize a high percentage of eggs. Improved IVF rates with intact oocytes have rarely been reported using motile sperm separated from thawed suspension [16, 22] or methyl-beta-cyclodextrin (MBCD) stimulating cholesterol efflux from thawed sperm [23] . Successful IVF with fresh sperm depends on the media used. Various IVF media have been developed, and the effects of media on capacitation and IVF have been investigated. However, the effects of media on frozen mouse sperm have not been investigated.
(J. Reprod. Dev. 55: 386-392, 2009) ryopreservation of mouse sperm is useful because it is simple, rapid and inexpensive. A large number of sperm can be frozen immediately after collection from a male. Females are required only when the frozen sperm are thawed for fertilization. Successful cryopreservation of mouse sperm was reported in 1990 using raffinose with glycerol [1] , ME2SO [2] or skim milk [3] . Since then, cryoprotectant solutions and freezing methods for mouse sperm have been investigated [4] [5] [6] [7] [8] [9] [10] [11] . At present, the 18% raffinose plus 3% skim milk method [12] is relied upon in most laboratories. However, with this technique, the fertility of cryopreserved sperm is far less than that of fresh sperm, especially with inbred mice [13] [14] [15] [16] . In particular, fertility decreases markedly in C57BL/6J, a principal inbred strain used for transgenesis studies. Frozen C57BL/6J sperm exhibit acrosome damage with loss of contents caused by the freeze-thaw procedure [17] , and almost no sperm can penetrate the zona pellucida. When partial zona pellucida nicking [18, 19] or intracytoplasmic sperm injection (ICSI) [20, 21] is performed to increase fertility, post-thawed C57BL/6J sperm can fertilize a high percentage of eggs. Improved IVF rates with intact oocytes have rarely been reported using motile sperm separated from thawed suspension [16, 22] or methyl-beta-cyclodextrin (MBCD) stimulating cholesterol efflux from thawed sperm [23] . Successful IVF with fresh sperm depends on the media used. Various IVF media have been developed, and the effects of media on capacitation and IVF have been investigated. However, the effects of media on frozen mouse sperm have not been investigated.
In this study, to elucidate the effects of media in increasing the fertilization ability of frozen C57BL/6J sperm, we examined various combinations of media for sperm preincubation (SP) and IVF, including human tubal fluid (HTF) [24] , modified Krebs-Ringer's bicarbonate solution (TYH) [25] and modifications of them. Since medium lacking Ca 2+ has been reported to reduce acrosome loss [26] , the effect of absence of Ca 2+ in SP medium was examined. Since removal of PO4 3- from medium has been shown to improve human IVF and mouse embryo development [27, 28] , we also examined the effect of lack of PO4 3-. In addition, lactate was examined because it has been reported that medium containing lactate has detrimental effects on capacitation [29] . Thus, the effects of the absence of each chemical were examined.
Materials and Methods

Animals
C57BL/6J inbred, B6C3F1 (C57BL/6N × C3H/HeJ) hybrid and MCH (ICR) outbred mice were purchased from CLEA Japan (Tokyo, Japan). MCH were used for recipients. C57BL/6 background transgenic mice [C57BL/6-Tg (CAG/Acr -EGFP) C3 -N01 -FJ002Osb] (acr3-EGFP mice) expressing the enhanced green fluorescent protein (EGFP) gene under the acrosin promoter [30] were provided by Dr. Okabe (Osaka University, Japan).
The mice were housed under a 12L/12D regimen at 22 C and 55% humidity. Food and water were freely available at all times. All the experiments using animals were conducted in accordance with the International Guiding Principles for Biomedical Research Involving Animals, and the experimental protocol was approved by the Ethics Committee for Experimental Animals of Mitsubishi Kagaku Institute of Life Sciences.
Media
All chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan), unless otherwise indicated. Water was obtained in-house from a water-purification system (Nihon Millipore, Tokyo, Japan).
We used two basal IVF media, TYH and HTF (Table 1) . TYH is an older IVF medium developed for mice and is still widely used due to its ability to support fertilization [9] . On the other hand, HTF is the first specific medium for human IVF, and mouse oocytes of various strains have been successfully fertilized using it [31, 32] .
HTF lacking Ca 2+ , PO4 3-and lactate (Ca 2+ /PO4 3-/Lac-free HTF) and HTF lacking PO4 3-(PO4 3--free HTF) were used for SP and IVF, respectively. In addition, various modified types of HTF were used for SP. These modifications were made by omitting the addition of CaCl2, KH2PO4 or Na lactate to HTF medium. The osmolality of each SP medium shown in Fig. 2 was measured using a vapor pressure osmometer (Wescor, Utah, USA).
The TYH media were modified in the same fashion. TYH lacking Ca 2+ and PO4 3-(Ca 2+ /PO4 3--free TYH) was used for SP, and TYH lacking PO4 3-(PO4 3--free TYH) was used for IVF. TYH originally contains no lactate. All media used for SP contained 1.3 mg/ml BSA (Biochemical Grade Type-3, Yagai, Yamagata, Japan), and the medium for IVF contained 3 mg/ml BSA. These media were filter-sterilized through 0.22-μm Millipore (Bedford, MA, USA) filters and stored at 4 C for a month. Modified Whitten's medium (mWM, Mitsubishi Kagaku Iatron, Tokyo, Japan) [33] was used for embryo culture.
Sperm were cryopreserved in 18% raffinose solution [34] . The cryoprotectant was prepared by dissolving 1.93 g of D (+)-raffinose pentahydrate (Nacalai Tesque, Kyoto, Japan) in 8.8 ml of water at 60 C. The solution was filter-sterilized through a 0.22-μm Millipore filter and stored in glass ampules at room temperature for 6 months.
Collection and freezing of sperm
Male C57BL/6J mice (age, 3-8 months) were isolated from females for at least 7 days before sperm collection. After sacrifice by cervical dislocation, two cauda epididymides were removed, and the tissues were placed in 105 μl of 18% raffinose solution in one well of a 4-well multidish (Nunc, Roskilde, Denmark). The tissue was cut four or five times using micro-spring scissors, and the sperm were allowed to disperse for 3 min. The epididymal tissues were removed, and the dish was gently shaken to distribute the sperm evenly. Then 14.2-μl portions of sperm suspension were loaded into six 0.25-ml freezing straws (IMV, l'Aigle, France), to which 0.1 ml of cryoprotectant solution had already been loaded as a weight. The straws were then sealed on both sides with an impulse sealer and placed in a freezing canister, which was floated on liquid nitrogen for 10 min and then immersed into the liquid nitrogen.
Pre-equilibration of media
All media drops for SP, IVF and embryo culture and media in tubes for swim-up were prepared the day before IVF. All medium drops were prepared using 35-mm tissue culture-grade Petri dishes (153066, Nunc, Roskilde, Denmark). Thirty-six μl of sperm preincubation media were placed in the center of each dish and overlaid with mineral oil. For swim-up, 1 ml of IVF medium was placed in a 1.5-ml microtube (72.692, SARSTEDT, Nümbrecht, Germany) with a loose cap. For IVF, 200 μl of IVF medium was placed in the center of each dish and overlaid with mineral oil. For embryo culture, three 90-μl portions of mWM were placed in each dish and overlaid with mineral oil. The medium drops and tube were transferred to an incubator and equilibrated overnight at 37 C in 5% CO2 in air in a humidified atmosphere.
Thawing of sperm
The straws were removed from the liquid nitrogen, placed in air for 5 sec and then immersed in a 54 C water bath for 5 sec. They were then wiped and cut at both ends. The sperm suspension only was immediately transferred into a Petri dish.
Sperm preincubation (SP)
After thawing, 12 μl of sperm suspension on the Petri dish was immediately transferred into a 36-μl drop of SP medium and placed in an incubator for 30 min.
Separation of motile sperm by swim-up
After SP, 45 μl of the suspension was transferred into the bottom of 1 ml of IVF medium in a 1.5-ml microtube, and the tube was then placed in an incubator for 30 min. During incubation, motile sperm swam up. After incubation, 150 μl of the supernatant containing progressively motile sperm was transferred into a 50-μl drop of IVF medium, which was prepared just before adding the sperm suspension by removal of 150-μl from the 200-μl drop. The total volume of the IVF medium drop with the sperm was 200 μl.
The supernatant in the tube was transferred twice into two IVF media drops. The drops containing the sperm were placed in an c Penicillin G potassium 200,000 units for injection (Meiji Seika, Tokyo, Japan).
d Streptomycin sulfate for injection (Meiji Seika, Tokyo, Japan).
e BSA, Biochemical Grade Type-3 (Yagai Co., Ltd., Yamagata, Japan). f 1.33 mg/ml for sperm preincubation or 3.0 mg/ml for IVF.
incubator for 20 to 40 min until introduction of eggs. The concentration and motility of sperm were observed under a microscope using a hemacytometer and counting chamber (Makler, Sefi Medical Instruments, Haifa, Israel).
Oocyte collection and IVF
Female C57BL/6J and B6C3F1 mice (age, 10-16 weeks) were superovulated by i.p. injections of 7.5 IU of eCG (Peamex; Sankyo Lifetech, Tokyo, Japan) followed 48 h later by 7.5 IU of hCG (Gonatropin; ASKA Pharmaceutical, Tokyo, Japan). At 15-17 h after the second injection, the mice were sacrificed, and the oviducts were removed and placed into mineral oil in an IVF medium dish already containing sperm. The cumulus-oocyte complexes were released from the ampulla into the IVF medium drop using fine and sharp needles. Cumulus masses from two mice were placed into each IVF medium drop. The eggs and sperm were incubated together for 4 h at 37 C in 5% CO2 in air in a humidified atmosphere.
Fresh sperm were used for conventional IVF as a control. Sperm removed from cauda epididymides were immediately suspended in a 200-μl drop of IVF medium and preincubated at 37 C in 5% CO2 in air in a humidified atmosphere. After 1 h, an aliquot of sperm suspension was added to the 200-μl drop of IVF medium containing oocytes to make the final sperm concentration 150 cells/μl.
Culture of fertilized eggs
After incubation of the IVF medium containing oocytes and sperm for 4 h, the oocytes were washed through two changes of mWM. Twenty-four hours after insemination, the number of 2-cell embryos and 1-cell eggs was scored. Fertilization rate was defined as the percentage of 2-cell embryos. The 2-cell embryos were transferred to a third mWM drop and incubated at 37 C in 5% CO2 in air in a humidified atmosphere until embryo transfer or observation of development to the blastocyst stage at 96 h after insemination. The number of blastocyst-stage embryos from each IVF drop was recorded.
Evaluation of acrosomal integrity
For evaluation of acrosomal integrity, homozygous acr3-EGFP male mice (age, 10 wk) were used. The sperm suspension in 18% raffinose before freezing was fixed for 5 min in 4% paraformaldehyde in PBS at room temperature (before freezing sample). Frozen sperm were fixed immediately after thawing (immediately after thawing sample), or swim-up sperm were fixed after thawing and incubation in SP medium for 30 min and IVF medium for 30 min (after thawing and incubation sample). Ca 2+ -free HTF or HTF was used for SP, and PO4 3--free HTF was used for IVF. To determine whether acrosomal contents were present, sperm samples were collected by centrifugation at 2000 g for 8 min and observed under long-wavelength (480 nm) UV light using a fluorescent microscope. Sperm with an intact acrosomal membrane exhibited a specific profile of fluorescence due to expression of EGFP under acrosin promoter localized in the acrosomal region, while sperm with no acrosome exhibited no fluorescence. In each experiment, sperm from 3 males were examined, and from each sample, 100 sperm were assessed individually.
Embryo transfer
Two-cell embryos were transferred to the oviducts (3-10 per oviduct) of MCH females mated with vasectomized MCH males on Day 1 (the day a copulation plug was found) of pseudopregnancy. The number of live newborns was recorded.
Statistics
All experiments were repeated at least 3 times using different males. All rates of fertilization and development to blastocysts were scored for each IVF drop, and rates of development to newborns were recorded for each recipient. In comparison of media effect, values were arcsine-transformed and compared using oneway ANOVA followed by the Tukey test. For comparison of IVF or development to newborns between fresh and frozen sperm, the unpaired t-test was used. In the acrosomal integrity experiment, data were also compared using the unpaired t-test. Differences were considered significant at P<0.05.
Results
Medium for IVF with fresh sperm
Initial comparison of HTF, PO4
3--free HTF, TYH, and PO4 3--free TYH for conventional IVF using fresh C57BL/6J sperm revealed no significant differences in the proportions of B6C3F1 oocytes fertilized (71, 77, 83 and 88%, respectively; P>0.05), nor in the rates of development to the blastocyst stage (92, 84, 90 and 94%, respectively; P>0.05). Therefore, these four media were used for IVF in the next experiment in order to compare the effects of media with frozen C57BL/6J sperm.
Modified HTF or TYH for SP and IVF
In order to evaluate medium efficiency in IVF with frozen C57BL/6J sperm, IVF with B6C3F1 oocytes and development to blastocysts, as indicated in Fig. 1 , were compared for different combinations of media with modified components for SP and IVF. In this experiment, for SP, the effects of media lacking Ca 2+ , PO4 3- and lactate were examined, while for IVF, the effects of media lacking PO4 3-were examined. Swim-up sperm were used for fertilization because of the prominent improvement obtained with them (Suzuki-Migishima, in preparation).
The mean fertilization rates using HTF for SP were low, irrespective of the presence of PO4 3- 3--free TYH. We therefore selected HTF as the basal medium for further experiments.
Factors in SP medium affecting the fertility of frozen C57BL/6J sperm
The rates of IVF with B6C3F1 oocytes and development to blastocysts obtained with various SP media are shown in Fig. 2 We also evaluated the effects of osomotic pressure in order to compare the osmolality of each SP medium (Fig. 2) . Both groups of media, with or without Ca 2+ , had the same osmolality ranges (approximately 277-319 mOsm/kg). It thus appeared that the osmolality of the media did not affect the fertility of frozen C57BL/ 6J sperm. In addition, we evaluated the effects of media pH. After equilibration, all media for SP and IVF had a pH of 7.4. This indicates that media pH had no effect on fertility.
Evaluation of acrosomal integrity
We evaluated the effects of Ca 2+ -free medium on acrosomal integrity using acr3-EGFP mice. Before freezing in 18% raffinose, 4% of acr3-EGFP sperm had no acrosome. The rate of acrosome loss slightly increased in sperm suspension immediately after thawing (8%). The rate further increased in swim-up sperm suspension after thawing and incubation (Fig. 3) , but the rate with Ca 2+ -free HTF (19%) was significantly lower than that with HTF (31%, P<0.05). These results indicated that depletion of Ca 2+ in the SP medium prevented acrosome loss. 
Fig. 2.
Rates (mean ± SEM) of fertilization (filled bars) and development to blastocysts from inseminated oocytes (open bars) with frozen C57BL/6J sperm using various SP media. The oocytes were from B6C3F1 females, and PO4 3--free HTF was used for IVF. Within each rate, data without a common superscript letter differed (P<0.05). The osmolality (mOsm/kg) of each SP medium containing raffinose is indicated on the right. The values in parentheses are the osmolalities of the original preincubation media containing no raffinose. Scale bar=10 μm. /Lac-free HTF were used for SP, and IVF with C57BL/6J oocytes and development to newborns were compared. Using same-strain eggs, high IVF rates were also obtained from all SP media (Table 2) , and 91-127 two-cell embryos were transferred to pseudopregnant recipient mice, with 31-62 live newborns obtained. The rates of IVF and development to newborns were not significantly different among the four types of SP media, which contained no Ca 2+ (P>0.05).
Newborn mice from frozen C57BL/6J sperm
Comparison of IVF between fresh and frozen C57BL/6J sperm
IVF with frozen C57BL/6J sperm obtained in the above experiment using Ca 2+ /PO4 3-/Lac-free HTF was compared with two types of control with fresh sperm (Table 3) . One was conventional IVF with PO4 3--free HTF. In another control, fresh sperm were suspended once in 18% raffinose, preincubated in Ca 2+ /PO4
3-/Lac-free HTF and swam up. The sperm concentration was 100-150 cells/μ l. Compared with each control, the rates of IVF and development to newborns from frozen sperm were not significantly different (P>0.05, Table 3 ). This result indicated that the fertility of the recovered thawed sperm was the same as that of fresh sperm.
Discussion
In this study, we evaluated the effects of media on frozen C57BL/6J sperm and found that preincubation of thawed sperm in medium containing no Ca 2+ markedly increased fertility. Improvement was apparent irrespective of the presence of PO4 3-or lactate. High IVF rates were obtained using medium containing no Ca 2+ , and these fertilized eggs developed to blastocysts or newborns at high rates.
It has been reported that the low fertility of frozen C57BL/6J
sperm is related to a high rate of acrosome loss [17] . The acrosome reaction is an exocytotic process that depends on Ca 2+ influx from outside the cell. There are several types of Ca 2+ channels on sperm [35, 36] that regulate the concentrations of intracellular Ca 2+ . Until the acrosome reaction, the concentration of intracellular Ca 2+ is kept low, and sperm binding to ZP3, one of the glycoprotein components of the ZP, induces Ca 2+ influx into the sperm through Ca 2+ channels. It has been reported that incubation in medium lacking Ca 2+ reduces spontaneous acrosome loss [26] . We therefore removed Ca 2+ from the SP medium to prevent acrosome loss during incubation and evaluated the effects on acrosomal integrity.
In this study, we confirmed that the rate of acrosome loss in sperm preincubated in Ca 2+ -free HTF was significantly lower than that with HTF, suggesting that depletion of Ca 2+ in the preincubation medium reduced erratic acrosome loss, and found that, as a result, the IVF rate with frozen C57BL/6J sperm was improved (Ca 2+ -free HTF; 79% vs. HTF; 38%). We also observed that the populations and proportions of progressively motile sperm in the insemination drops did not differ among the various SP media, including the modified HTF that contained or did not contain Ca 2+ . In all SP media, the inseminated drops contained 100 cells/μl, and almost all sperm were progressively motile. It thus appeared that the absence of Ca 2+ in the SP medium did not affect frozen sperm motility. These results agree with a previous report indicating that short time incubation (30 min) in a medium containing no Ca 2+ does not reduce motility and fertility [26] . Ca 2+ is an important factor in fertilization, and adequate concentrations of intra-and extracellular Ca 2+ are required for capacitation, acrosome reaction, hyperactivation and sperm-egg fusion [26, 37, 38] . Low as well as high concentrations of Ca 2+ in media decrease the motility and fertility of mouse sperm [39] . Regarding frozen sperm, detrimental effects of Ca 2+ during freezing have been described for the ram, bull, boar, stallion and human , with no influx until recovery of plasma membrane function, and subsequently reduce acrosome loss. However, there is a possibility that a medium containing no Ca 2+ has some other effect on the fertility of the frozen sperm. Takeo et al. [23] reported that MBCD improves the fertility of frozen C57BL/6 sperm by stimulating cholesterol efflux. It will be important to investigate whether or not SP in a medium containing no Ca 2+ stimulates cholesterol efflux from the cell, and whether or not MBCD affects acrosome loss.
On the other hand, we also confirmed that the fertility of C57BL/ 6J sperm frozen with 18% raffinose plus 3% skim milk was improved using Ca 2+ /PO4
3-/Lac-free HTF for SP (data not shown, 57%). Casein is a major component of skim milk, and casein interactions with Ca 2+ and calcium salts are necessary for formation and maintenance of casein micelles. The anionic clusters of phosphoseryl residues are primary sites of calcium binding [42, 43] . Therefore, casein may decrease the concentration of Ca 2+ in 18% raffinose plus 3% skim milk during cryopreservation, and this may be advantageous for mouse sperm cryopreservation. However, 18% raffinose plus 3% skim milk did not have a stronger effect than 18% raffinose in the present IVF method. It is thus speculated that skim milk has no positive effect on Ca 2+ -free conditions, as casein does not interact with Ca 2+ . In conclusion, preincubation of thawed sperm in a medium containing no Ca 2+ was quite effective in IVF with cryopreserved C57BL/6J sperm. Using this medium, high fertilization rates were obtained and live young were generated from frozen C57BL/6J sperm. This method can be used in most laboratories experimenting on early mouse embryos because it is simple and requires no special skill or equipment such as ICSI. Since freezing and thawing induces plasma membrane injury in the head in other strains and species, depletion of Ca 2+ in the SP medium may be useful for cryopreservation of sperm.
